Abstract
I. Introduction
Recently, the photoelectrochemical (PEC) conversion of CO 2 to methanol and the photo-electrolysis of water into hydrogen and oxygen have received a great deal of attention from the scientific community as these two reactions can indeed harvest solar energy in the form of chemical energy [1] [2] [3] [4] [5] . These reactions are popularly called as artificial photosynthesis reactions, which require thermodynamic energy inputs of 1.5 and 1. 23 eV, respectively [4-9] . Greater energy inputs are required to make up for losses due to band bending (necessary in order to separate charge at the semiconductor surface), resistance losses, and overvoltage potentials. The most frequently studied material for photoelectrode is TiO 2 [6, 7] . Despite its high band gap energy of 3 eV, TiO 2 is the most preferred photo-electrode owing to its high photo-corrosion resistance in aqueous media, chemical stability, low cost and non-toxicity. Given its indirect band gap transition, the anatase in comparison to rutile and brookite phases of TiO 2 is the most preferred phase for photoelectrode applications. The maximum value obtained for the photovoltage of a PEC cell equipped with a TiO 2 photoanode is ~0.7-0.9 eV [10] . This implies that the PEC cell containing TiO 2 based single photoelectrode requires some amount of an external bias voltage to perform water oxidation reaction [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . It is known that as long as external bias voltage or energy that is generated from fossil fuels is involved the artificial photosynthesis process performed in a PEC cell cannot be declared successful [11, 12] . However, for the first time, Nozik [11, 12] successfully photooxidized water into hydrogen and oxygen by utilizing simultaneously n-type TiO 2 as photoanode and p-GaP as photocathode without employing any external bias voltage in a PEC cell. Although Nozik's process was not successful commercially as p-GaP undergoes photocorrosion in aqueous based PEC cells, it demonstrat-ed that given a stable p-type semi-conducting material with suitable band gap energy and band edges (i.e., flat band potentials), the water oxidation reaction (i.e., the energy consuming, endothermic, uphill and light reaction of natural photosynthesis) can be performed in a PEC cell without the need of any external bias voltage [11, 12] . Since, TiO 2 is an excellent photoelectrode material with band edges suitable for water oxidation reaction, several efforts were made to convert n-type semi-conducting behaviour of TiO 2 into p-type, and also to reduce its band gap energy and the recombination of its photogenerated electron-hole pairs so that it can absorb a larger portion of sunlight that reaches the surface of the earth [4, 8, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Thus, synthesis of ptype semi-conducting TiO 2 is of great importance from the point of view of artificial photosynthesis.
The p-type semi-conducting behaviour has been observed for TiO 2 that was doped with certain metal ions such as, Fe 3+ , Co 3+ , Ni 2+ , Cu + , etc. [4,8,13-23] . The change in the nature of semi-conducting behaviour of TiO 2 has been attributed to the hetero-unions formed between n-type TiO 2 and p-type doped metal oxide [4, 8, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Among the various p-type semi-conducting materials, the Fe 2 O 3 has been identified as a promising one as it possesses a considerably low band gap energy (E bg = 2.2 eV) and the ionic radius of Fe 3+ (0.64 Å) is quite comparable to that of Ti 4+ (0.68 Å). However, Fe 2 O 3 was found to be more prone to photocorrosion and the lifetime of its photogenerated minority carriers was found to be quite short [24] . In order to bring together the beneficial properties of Fe 2 O 3 and TiO 2 , the composites of these two semi-conducting oxides were prepared [16] [17] [18] [19] [20] [21] [22] [23] and employed for photoassisted reduction of dinitrogen to ammonia, and the photoassisted degradation of waste materials in environment treatment [25, 26] . The increase of Fe concentration from 0.2 to 0.5% in TiO 2 has resulted in the increased photocatalytic activity of the latter material prepared at 500 °C. However, when Fe content and calcination temperatures were further increased, the photocatalytic activity was found to decrease. This decrease was attributed to the limited solubility of Fe in TiO 2 (anatase or rutile), which is less than 1 wt.%. Furthermore, the hematite (α-Fe 2 O 3 ) or pseudobrookite (Fe 2 TiO 5 ) phases formed upon doping of >1 wt.% Fe were found to be responsible for the transfer of photogenerated charge carriers from TiO 2 to Fe 2 O 3 (or Fe 2 TiO 5 ) that resulted in the decreased photocatalytic activity [16] [17] [18] [19] [20] [21] [22] [23] . In 1995, Tsodikov et al. [21] reported the formation of solid solutions of Fe x (Ti) 1−0.75x O 2-δ ; 0.01<x<0.14. In another study, Wang, et al. [22] prepared Fe-doped TiO 2 (with 0.5 to 20 wt.% Fe) nanoparticles under different pH conditions following a hydrothermal method and found several differences in the structure and morphology of the resultant powders. At pH 1.8, anatase, brookite and trace of hematite together with a non-uniformly distributed Fe in the powder particles were noted upon doping with 0.5 wt.% Fe. This non-uniformity was attributed to the differences in the hydrolysing pH conditions of Fe and Ti precursors involved. Further, Fe was not detected in smaller particles as it could have been entered into the solid solutions of Fe-Ti oxides besides forming α-Fe 2 O 3 particles. At pH 3.6, the phases of products were similar to those formed at pH 1.8, but the Fe distribution was slightly different from the previous one. In the samples prepared at pH 1.8, Fe was not detected in smaller particles, while in the samples prepared at pH 3.6, a plenty of Fe was detected, indicating that the distribution of Fe was more uniform at pH=3.6 conditions. At pH=6.0, the results showed only anatase phase for those powders doped with 20 wt.% Fe and a uniform solid solution of Fe-Ti oxides. The measurement of photocurrent at different electrode potentials showed the phenomena of p-n photoresponse coexistence. For higher contents of Fe doped samples, the smaller was the photocurrent, and the more positive was the conversion potential for samples prepared at pH=6.0. On the other hand, at higher pH, the larger was the photocurrent and the more positive was the conversion potential for powders containing the same amount of Fe. Yet in another study, Ranjit and Viswanathan [27] prepared Fe (0.11 to 1.76 wt.%) doped TiO 2 powders at 550 °C for 24 h following a conventional co-precipitation and the sol-gel technique. The anatase to rutile phase transformation was found to be dependant on the nature of the precursor involved. Solgel-derived Fe-doped TiO 2 catalysts showed the presence of rutile and pseudobrookite phases, whereas, the coprecipitated catalysts showed only the anatase phase. The role of the dopant ion was primarily to improve the charge separation of the photoproduced electronhole pairs via a permanent electric field. The photocatalytic activity of the Fe-doped TiO 2 catalysts has been explained in terms of the heterojunction formed between the Fe/TiO 2 and α-Fe 2 O 3 phases for the sol-gelderived catalyst. An increase in dopant ion content was found to favour the electron-hole separation and therefore the photoactivity. However, beyond a certain level, the space charge layer became thicker, and the probability of carrier recombination increased. Thus, there is an optimal value at which the photoactivity reaches a maximum.
In some other studies, the structural and electrical properties of Fe-doped TiO 2 thin films have also been studied [16] [17] [18] [19] [20] [21] [22] . In a study, Ballyy et al. [23] prepared different amounts of Fe-doped TiO 2 thin films under identical conditions. Doping of Fe has induced a structural transformation from anatase at low Fe concentration to rutile for the concentrations of >0.32 at.% Fe. The electrical and thermoelectric power measurements indicated that the electrical conduction changed from n-type conduction for undoped TiO 2 to p-type conduction for heavily doped TiO 2 , and demonstrated that Fe atoms behaved as an acceptor impurities. Even at high Fe concentration, thin films remained transparent. The highest p-type conductivity reached at room temperature was about 10 −6 S/m [23] . The dispersion of the permittivity with frequency indicated that the electrical conduction of the thin films was inhomogeneous. The influence of the Fe atom was found to depend on the crystal structure of the oxide. It was also found that the introduction of Fe generated more oxygen vacancies in anatase than in rutile. A large fraction of the acceptors created by the Fe atoms were found to be compensated by the oxygen vacancies created by the same Fe atoms. In addition to these, it was also found that pure rutile and Fe-doped TiO 2 had higher ptype conductivity than mixed, anatase/rutile TiO 2 thin films doped with Fe. Yet in another study , Singh et. al. [28] prepared nanostructured Fe-doped TiO 2 thin films by sol-gel spin coating method for photoelectrochemical studies. XRD study showed that the films were polycrystalline with the photoactive anatase phase of TiO 2 . Doping of Fe in TiO 2 resulted in a shift of absorption edge towards the visible region of solar spectrum. The observed band gap energy decreased from 3.3 to 2.89 eV on increasing the Fe doping concentration from 0 to 0.2 at.%. The 0.2 at.% Fe-doped TiO 2 exhibited the highest photocurrent density of about 0.92 mA/cm 2 at zero external bias. Flat band potential and donor density determined from the Mott-Schottky plots were found to vary with doping concentration from −0.54 to −0.92 V/SCE and 1.7 × 10 19 to 4.3 × 10 19 cm −3 , respectively. Although, many published articles deal with Fe-doped TiO 2 materials, there is contradicting information as far as the effect of Fe-doping on photo-current and photo-catalytic behaviour of TiO 2 is concerned [16] [17] [18] [19] [20] [21] [22] [23] . Further, the information on photocurrent and flat band potential properties of Fe-doped TiO 2 materials is not sufficiently reported. Furthermore, the structure-property-performance correlation of Fe-doped TiO 2 powders is hardly presented and discussed in the literature and the information pertaining to degradation of methylene blue (MB) over Fe-doped TiO 2 powders under the irradiation of the light that is equivalent to the solar light reaching the surface of the earth is not available.
In view of the above, different amounts of Fedoped TiO 2 powders were prepared following a conventional co-precipitation method, calcined in air and were characterized following various techniques such as, XRD, SEM, EDAX, FT-IR, FT-Raman, DRS, BET surface area, zeta potential, flat band potential, photocatalytic activity, band gap energy value measurements, etc., and thus obtained results are presented and discussed in this paper to reveal the effects of Fe-doping on solar light induced response and photocatalytic behaviour of TiO 2 .
II. Experimental

Synthesis of Fe-doped TiO 2 powders
Different amounts of Fe-doped TiO 2 (with 0, 0. 1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 wt.% Fe) powders were prepared by following a conventional co-precipitation technique using ammonium hydroxide as an hydrolyzing agent [29, 30] . The concentration of Fe in the prepared powders is expressed in terms of atomic weight percent in throughout this paper unless otherwise mentioned. In a typical experiment, cold titanium tetrachloride (TiCl 4 , Fluka, AR grade) was first digested in cold concentrated HCl (AR Grade, Loba Chemie, Mumbai, India) and was subsequently diluted with deionized water. To this solution, the requisite amount of iron nitrate (Fe(NO 3 ) 2 ×6H 2 O, AR Grade, Loba Chemie, Mumbai, India) was added after dissolving separately in deionized water. The resultant solution was hydrolyzed by adding the 50% diluted solution of ammonium hydroxide drop by drop until the complete precipitate (at pH≈9) was obtained. This precipitate was heated for about 12 h at 90 °C to facilitate the aging process. The resultant precipitate was filtered off and washed thoroughly with doubly distilled water until no chloride ions could be detected with Ag + ions in the filtrate. Thus obtained Fe(OH) 3 -Ti(OH) 4 coprecipitate was then oven dried at 120 °C for 24 h and calcined at 550 °C for 6 h in an open-air atmosphere using an electrical muffle furnace. Some portions of the dried precipitates were also separately calcined at 400, 500, 600, 700 and 800 °C for 6 h in order to evaluate the thermal stability of these powders.
Photocatalytic activity evaluation
The photocatalytic activity of Fe-doped TiO 2 powders was evaluated by performing methylene blue (MB) (Loba-Chemie, Mumbai, India) degradation experiments under the irradiation of a simulated solar light. In a typical experiment, about 200 mL of 0.01, 0.02 or 0.03 mM aqueous MB solution and 0.24 g fine powder catalyst were taken in a glass dish of 150 mm diameter × 75 mm height (Borosil, India) and was exposed to simulated solar light (Osram 1000 W Xenon short arc display/optic lamp, XBO, Germany, installed in a light-condensing lamp housing, Model No.: SS-1K, Sciencetech Inc., Canada) for different time intervals (up to 4 h). Before irradiation the incident light was passed through an AM1.5G air-mass filter so that the intensity of the incident light measured about 44.42 mW/cm 2 [31] . The reaction mixture solution was initially stirred for about 2 h in the dark in order to reach the adsorption equilibrium. During light irradiation, the reaction mixture was continuously stirred using a magnetic stirrer (Model: 5MLH, Remi, Mumbai, India) and aliquots of the reaction mixtures were collected at regular time intervals to monitor the re-action progress. The leftover MB concentration in the reaction mixtures was estimated with the help of UVVis spectrophotometer (Lambda 650, Perkin Elmer, Massachusetts, USA). The maximum absorption peak (λ max ) of MB at about 666 nm was considered to estimate the remaining concentration of MB [31] .
Flat band potential measurement
The electron energy states of quasi-Fermi levels ( n E F *) of Fe-doped TiO 2 (with 0.1, 0.5, 1, 5, and 10 wt.% Fe) powders were measured using methylviologen dichloride (MV 2+ , E red = -0.445 V vs. normal hydrogen electrode, NHE) as a pH-independent redox system [32, 33] . The estimated pH 0 values were converted to the Fermi potentials (i.e., flat band potentials) at pH=7 by the equation *E F(pH=7) = -0.445 + 0. 059·(pH 0 -7). Reproducibility of the pH 0 values was better than 0.1 pH units. In a typical experiment, 30 mg of catalyst powder and 6 mg of MV 2+ were suspended in a specially designed glass reactor cell having a flat quartz window (~75 mL of 0.1 M KNO 3 ). A platinum flag of 1 cm 2 area and Ag/AgCl were served as working and reference electrodes, respectively, and a pH meter was used for recording the proton concentration. Prior to measurements, the solutions were purged with argon gas (>200 mL/min) for >2 h and continued the same during voltage measurements. Initially, the pH of the solution was adjusted to pH=1-2 prior to recording the voltage readings using a solution of HNO 3 (0.1 M). The light source was a Xenon arc lamp of 500 W (Solar Simulator, Oriel 91160) having AM 1.5G filter and a monochromator (Newport-74125 model) with a bandwidth of 5 nm. Stable photovoltages were recorded after about 30 min of changing the pH value using a multi-meter (Agilent, Singapore) [32, 33] . All the potentials presented here are against NHE reference.
Characterization
A Gemini Micromeritics analyzer (Micromeritics, Norcross, USA) was used for Brunauer-Emmett-Teller (BET) surface area measurements. The BET surface area was measured by nitrogen physisorption at liquid nitrogen temperature (-196 °C) by considering 0.162 nm 2 as the area of cross section of N 2 molecule. Prior to measurements, the samples were evacuated (up to 1×10 −3 Torr) at 180 °C for 2 h. Phase analysis, crystallite size and lattice parameter values of the powders were determined by X-ray diffraction (Bruker's D8 advance system, Bruker's AXS, GmbH, Germany) using Cu Kα radiation source. To obtain quantitative information of phases, the most intense peak of the individual phase was taken into consideration. The peak heights of all the phases were summed up and the percentage concentration of a particular phase was estimated from the ratio of the strongest peak of that phase to the sum of various phases present in a system [34, 35] . The crystallite sizes of the powders were estimated with the help of Debye-Scherrer equation (<L> hkl = K·λ/β hkl cosθ; where K is a constant taken as 1 and β is the integral breadth that depends on the width of the particular hkl plane; λ = 1.5406 Å, the wavelength of the Cu Kα source; and θ is the Bragg's angle) using the XRD data of the strongest reflection of the major phase [34, 35] . The lattice parameter values were determined using equation 1/d (hkl) 2 = (h 2 +k 2 )/a 2 + l 2 /c 2 (where the value of d (hkl) , for an XRD peak, was determined from Bragg's law, 2d (hkl) ·sinθ = n·λ). Here, hkl is the crystal plane indices, d (hkl) is the distance between crystal planes of (hkl), and a, c are the lattice parameters (for tetragonal anatase and rutile phases of TiO 2 : a = b ≠ c). The planes, (101) and (200) for anatase , and the (110) and (211) for rutile (ICDD File No.: 03-065-1118) were considered while calculating the lattice parameters values. The content ratio of the anatase to rutile phase in titanium dioxide was roughly estimated using the following equations [36, 37] :
(1)
where C A is content ratio of anatase (%) and C R content ratio of rutile (%). The micrographs of the powders were examined using a scanning electron microscope (JSM-5410, JEOL, Japan) with an energy dispersive scanning (Sigma 3.42 Quaser, Kevex, USA) attachment for qualitative and quantitative micro analysis. The FT-IR spectra were recorded on an FT-IR 1650 Perkin-Elmer Spectrometer (4000-200 cm -1 ) using KBr pellets. The FT-Raman spectra were recorded on a triple subtractive Jobin Yvon T64000 Raman spectrometer equipped with a liquid-nitrogen-cooled charge-coupled device (CCD) detector. Diffuse reflectance spectra (DRS) of the powders were recorded on a Shimadzu UVPC 3101 spectrophotometer equipped with an integration sphere. The powder samples were directly placed into a cylindrical sample port holder (3 cm diameter, 1 mm deep). The zeta-potentials of powders in 10 -3 M KCl aqueous solutions were measured on a Zeta meter (Zeta Meter Inc., USA). The band gap energies of Fe-doped TiO 2 powders were calculated using the absorbance data obtained from DRS study following the Tauc's relation [(α·h·ν 
, where C is a constant, α is absorption coefficient, E g is the average band gap of the material and n depends on type of transition (2 for indirect band gap and ½ for direct band gap), h is the Plank's constant (6.626 × 10 -34 J·s), v is the frequency of photons [38, 39] . The direct and indirect average band gap transition energies were estimated from the intercepts of linear portion of the (α·h·ν) 2 or (α·h·ν) 1/2 vs. h·ν of plots, respectively.
III. Results and discussion
X-ray diffraction patterns of the Fe-doped TiO 2 (with 0 to 0.9, and 1 to 10 wt.% Fe) powders formed at 550 °C for 6 h are presented in Fig. 1 . The intensity of lines belonging to hematite is higher than that of ilmenite phase. The intensity of a XRD peak at 2θ =32.529 o belong to TiFeO 3 was neither increased nor decreased linearly with the increasing concentration of Fe in TiO 2 . The reason for this anomalous behaviour is yet to be fully understood. Even the 10 wt.% Fe doping could not transform TiO 2 completely from anatase to rutile phase even though the excess doped Fe was converted into small amounts of hematite and ilmenite phases. However, these results are contradicting with one reported by Ballyy et al. [23] . In their study, even 0.32 wt.% Fe doping caused the transformation of TiO 2 from anatase to rutile phase in thin films. In another study, Ranjit and Viswanathan [27] noted the formation of rutile and pseudobrookite titania phases upon doping 0.11 to 1.76 wt.% Fe in TiO 2 formed by a sol-gel route. However, they have noted only anatase phase for the same amounts of Fe-doped TiO 2 powders formed in a conventional co-precipitation method. The different preparation methods and conditions adopted could be the reasons for observing such contradicting phase transformation results. Figure 2 depicts the XRD patterns of the 5 wt.% Fedoped TiO 2 powders formed at different temperatures ranging from 400 to 800 °C for 6 h. The powders formed at 400 and 500 °C are in the form of poorly crystalline anatase phase, whereas, the one formed at 600 °C is in a highly crystalline anatase phase. The powder formed at the latter temperature also contains some small amounts of hematite in addition to anatase phase. On further increase of calcination temperature to 700 °C, some amount of anatase phase was transformed into rutile phase. After calcination at 800 °C, about 95% of the powder was transformed into rutile phase. It is interesting to see that the powder formed at 800 °C does not contain any free hematite indicating that Fe could have been entered completely into TiO 2 crystal structure leading to the forma- The thermogravimetry (TG) and differential scanning calorimetry (DSC) profiles of Fe(OH) 3 −Ti(OH) 4 formed from the precursor mixtures of 0, 0.5, 1, 5 and 10 wt.% Fe-doped TiO 2 powders are presented in Fig.  3 . A close look into these profiles reveals that all the weight losses occurred are associated with their corresponding thermal (exothermic or endothermic) events. From ambient to 400 °C there are two major weight losses with corresponding thermal events, which are attributed to the loss of physically adsorbed moisture and conversion of hydroxides into amorphous oxides, respectively. After 400 °C none of the materials underwent > 5% weight loss. Furthermore, with the increase of Fe-content in TiO 2 , there is a gradual increase in the weight loss and in the corresponding endothermic nature below 400 °C. These events suggest that Fe-doping causes the increased absorption/adsorption of moisture by TiO 2 powders. Furthermore, these results unequivocally suggest that all the iron-doped TiO 2 powders are thermally quite stable between 400 and 1000 °C.
The values of BET surface area, crystallite size and lattice parameters of the Fe-doped TiO 2 (with 0, 0.1, 0.5, 1, 5, and 10 wt.% Fe) powders formed at 550 °C for 6 h are presented in Table 1 The SEM micrographs of the Fe-doped TiO 2 (with 0, 0.1, 0.5, 1 and 10 wt.% Fe) powders formed at 550 °C for 6 h are presented in Fig. 4 . It can be seen that the morphology of the undoped TiO 2 powder is completely different from those of Fe-doped TiO 2 powders. In general, all the Fe-doped TiO 2 powders consist of nanosized primary particles with spherical shape in agglomerated powder particles, whereas, the pure TiO 2 powder consists of relatively larger (micron size) chunks of powder particles. The primary particles of the 0.1 and 0.5 wt.% Fe-doped TiO 2 powders are finer (~50 nm) than those estimated for the 1 and 10 wt.% Fe-doped TiO 2 powders. The pure undoped TiO 2 powder consists of 1−3 µm sized agglomerates with almost fused primary particles of about 200 to 500 nm size. A close look into these powders' micrographs reveals that the degree of agglomeration initially decreased with the doping of 0.1 wt.% Fe into TiO 2 and after that it is gradually increased with the further increase of Fe content in TiO 2 . In order to establish the achievement of the targeted chemical composition in the synthesized powders, the 5 wt.% Fe-doped TiO 2 powder was examined by EDAX analysis as depicted in Fig. 5 . The chemical composition observed in EDAX analysis confirms that the targeted chemical composition (within allowed experimental errors) was achieved in the powders formed in a conventional co-precipitation method.
The FT-IR spectra of Fe-doped TiO 2 (with 0, 0.1, 0.5, 1, 5, and 10 wt.% Fe) powders calcined for 6 h at 550 °C are presented in Fig. 6 . The presence of some weak transmittance bands between 3400 and 3600 cm −1 , at 1627 cm −1 and at 1377 cm −1 are seen, which are gradually decreased with the increase of Fe concentration in TiO 2 . These bands are attributed to the stretching vibrations of the O-H groups and the bending vibrations of the adsorbed water molecules, respectively [4,8,13−23] . A band between 650 and 830 cm −1 is seen which is attributed to different vibrational modes of TiO 2 . Anatase and rutile phases of TiO 2 exhibit certain strong FT-IR absorption bands in the regions of 850−650 and 800−650 cm −1 , respectively [29, 30] . The broad intense band seen below 1200 cm −1 is due to Ti-O-Ti vibrations [13−23] . These results match very well with those reported in the literature for Fe-doped TiO 2 powders and for anatase and rutile phases of TiO 2 [4,8,13−23] . Figure 7 shows the Raman scattering spectra of Fedoped TiO 2 (with 0, 0.1, 0.5, 1, 5 and 10 wt.% Fe) powders formed for 6 h at 550 °C. The tetragonal rutile structure possesses two TiO 2 molecules in the unit cell with the space group D 4h (P4 2 /mnm) and the lattice constants of a = 0.4594 and c = 0.2958 nm [40] . There are six atoms in the unit cell, implying a total of 15 (= 3N -3) vibrational modes. The group theoretical analysis suggests that these 15 modes have the following irreduc- The SEM micrographs of the Fe-doped TiO 2 (with 0, 0.1, 0.5, 1 and 10 wt.% Fe) powders formed at 550 °C for 6 h are presented in Fig. 4 . It can be seen that the morphology of the undoped TiO 2 powder is completely different from those of Fe-doped TiO 2 powders. In general, all the Fe-doped TiO 2 powders consist of nano-sized primary particles with spherical shape in agglomerated powder particles, whereas, the pure TiO 2 powder consists of relatively larger (micron size) chunks of powder particles. The primary particles of the 0.1 and 0.5 wt.% Fe-doped TiO 2 powders are finer (~50 nm) than those estimated for the 1 and 10 wt.% Fe-doped TiO 2 powders. The pure undoped TiO 2 powder consists of 1 3 µm sized agglomerates with almost fused primary particles of about 200 to 500 nm size. A close look into these powders' micrographs reveals that the degree of agglomeration initially decreased with the doping of 0.1 wt.% Fe into TiO 2 and after that it is gradually increased with the further increase of Fe content in TiO 2 . In order to establish the achievement of the targeted chemical composition in the synthesized powders, the 5 wt.% Fe-doped TiO 2 powder was examined by EDAX analysis as depicted in Fig. 5 . The chemical composition observed in EDAX analysis confirms that the targeted chemical composition (within allowed experimental errors) was achieved in the powders formed in a conventional coprecipitation method.
The FT-IR spectra of Fe-doped TiO 2 (with 0, 0.1, 0.5, 1, 5, and 10 wt.% Fe) powders calcined for 6 h at 550 °C are presented in Fig. 6 . The presence of some weak transmittance bands between 3400 and 3600 cm 1 , at 1627 cm 1 and at 1377 cm 1 are seen, which are gradually decreased with the increase of Fe concentration in TiO 2 . These bands are attributed to the stretching vibrations of the O-H groups and the bending vibrations of the adsorbed water molecules, respectively [4,8,13 23] . A band between 650 and 830 cm 1 is seen which is attributed to different vibrational modes of TiO 2 . Anatase and rutile phases of TiO 2 exhibit certain strong FT-IR absorption bands in the regions of 850 650 and 800 650 cm 1 , respectively [29, 30] . The broad intense band seen below 1200 cm 1 is due to Ti-O-Ti vibrations [13 23] . These results match very well with those reported in the literature 14 ible representations: A 1g + A 2g + A 2u + B 1g + B 2g + 2B 1u + E g + 3E u . In which, the four modes, A 1g + B 1g + B 2g + E g , are Raman active and four modes, A 2u + 3E u , are infrared active. The other three modes, A 2g + 2B 1u , are neither Raman active nor infrared active. The frequencies of the Raman bands noted for pure rutile powder (i.e. for un-doped TiO 2 ) are at 141−157, 181−290, 415−479, 585−650 cm −1 (Fig. 7) . Balachandran and Eror [40] reported six frequencies at 144, 235, 320-360, 448, 612 , and 827 cm −1 for rutile titania. On the other hand, the conventional crystallographic unit cell of anatase TiO 2 is body centred tetragonal (space group D 4h , I4 1 /amd, with an elongated cell having a = 0.3783 and c = 0.951 nm) and contains two primitive unit cells, each of which contains two formula units of TiO 2 [40] . According to the factor group analysis, six modes of anatase TiO 2 , A 1g + 2B 1g + 3E g are Raman active and three modes, A 2u + 2E u , are infrared active. One vibration, B 2u , will be inactive in both infrared and Raman spectra. All of these modes account for the 15 normal modes of vibration. Thus, group theory predicts six Raman active modes for the tetragonal anatase phase: three E g modes centred around 145, 197, and 639 cm (Fig. 7) . In the literature Raman bands reported for anatase TiO 2 are at 146, 198, 320, 398, 448, 515, 640 , and 796 cm −1 [40] . As mentioned above, the band at about 146 cm −1 is the strongest of all the observed bands, and the bands at 198, and 640 cm −1 are assigned to the E g modes and the one at 401 cm −1 to the B 1g mode. The doublet band at 522 cm −1 is assigned to A 1g and B 1g modes [40] . These results are comparable with those reported for anatase and rutile phases of TiO 2 in the literature [42] . The α-Fe 2 O 3 and TiFe 3 O 4 seems to have exhibited no prominent Raman bands as the TiO 2 powders containing these phases did not reveal any other additional Raman peaks or bands.
The UV-Vis diffuse reflectance spectra (DRS) of the Fe-doped TiO 2 (with 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9, and 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 wt.% Fe) powders calcined at 550 °C for 6 h are presented in Fig.  8 . It can be seen that pure undoped (rutile) and the 0.1 wt.% Fe-doped TiO 2 powders (Fig. 8a) show absorption spectra consisting a single broad intense absorption at around 400 nm (i.e. in the UV range) occurred due to the charge-transfer (CT) from the valence band (mainly formed by 2p orbitals of the oxide anions) to the conduc- tion band (mainly formed by 3d t 2g orbitals of the Ti 4+ cations) [43] . The 0.1 wt.% Fe-doped TiO 2 powder exhibited the spectra just like the one exhibited by P-25 TiO 2 (Degussa) powder [43] . The DRS spectra of 7 to 10 wt.% Fe-doped TiO 2 powders revealed three absorption bands in the wavelength ranges of 400−475 nm, 475−550 nm and 800−1100 nm (visible region) with three λ max peaks at about 433 nm, 512 nm and 900 nm, respectively. The degree of absorbance of these latter peaks increased with the increase of Fe-content in TiO 2 . The powders doped with >5 wt.% Fe exhibited the higher amounts of light absorbance (Fig. 8b) . It has been reported that the doping of various transitional metal ions into TiO 2 could shift its optical absorption edge from UV into visible light range (i.e., red shift) [44] . Thus, these UV-Vis DRS results are in good agreement with those reported for Fe-doped TiO 2 powders in the literature [4,8,13−23,40−44] .
In order to establish the type of band-to-band transition in the 0.1, 0.5, 1, 5 and 10 wt.% Fe-doped TiO 2 powders formed at 550 °C for 6 h, the absorbance data of DRS spectra was fitted into equations for both indirect and direct band gap transitions [39, 40] . Figure 9a shows the [F(R∞)E] 2 vs. E phot plot for direct transition and Fig. 9b 
shows the [F(R∞)E]
1/2 vs. E phot plot for indirect transition. The Kubelka-Munk function F(R∞) is equivalent to absorbance in these UV-Vis DRS spectra and E phot is the photon energy, E phot = (1239/λ) eV, where λ is the wavelength in nm [33] . The value of E phot extrapolated to F(R∞)E = 0, which gives an absorption energy, corresponds to a band gap E bg [32, 33, 38, 39] . A close look at these graphs reveals that all these powders possess direct band gap transitions. The calculated E bg values of these powders are presented in Table 2 . It can be seen that as the Fe concentration increased in TiO 2 , the band gap energy is gradually decreased, which is consistent with the red shift of absorption edge observed in DRS spectra (Fig. 8) . These red shifts can be attributed to the charge transfer transitions between the metal ion d electrons and the conduction or valence band of TiO 2 . Based on E bg and absorption edge values noted, the pure TiO 2 is expected to be active under UV irradiation, whereas, the Fe-doped TiO 2 (with 0.1, 0.5, 1, 5 and 10 wt.% Fe) powders under visible light [8] .
In order to find out whether a shift of the valence or conduction band edge is responsible for the decrease of the band gap energy of TiO 2 with the increase of Fe-doping concentration, the position of the quasi-Fermi level of electrons ( n E F *) (i.e., the flat-band potential values, U fb ) were determined by measuring the photovoltages of Fedoped TiO 2 powders as a function of the suspension pH value (Fig. 10) . From the pH value of the inflection point (pH 0 ), the quasi-Fermi level at pH=7 could be calculated The values are arrived as detailed in the experimental section. [a] Measured according to ref. [32, 33] . [b] These values measured for powders by following DRS spectra, and the reproducibility was better than ±0.01 eV.
[c] Reproducibility was better than ±0.01 V. (Fig. 11 ). These measured flat band potentials and band gap energy values suggest that these synthesized Fe-doped TiO 2 powders are probable candidate members of choice for artificial photosynthesis reactions (i.e., for photo-electrolysis of water into hydrogen and oxygen gases). Table 2 also lists the measured values of zeta potentials (ζ) of the 0.1, 0.5, 1, 5 and 10 wt.% Fe-doped TiO 2 powders formed at 550 °C for 6 h. It can be seen that there is a gradual increase in the zeta-potential values of TiO 2 from −40.1 ± 3.90 mV to −52.9 ± 2.95 mV with the increase of Fe-dopant concentration from 0.1 to 10 wt.% in TiO 2 . The iso-electric point of TiO 2 lies in pH less than 6.8 [46, 47] . The solution at pH=7 renders TiO 2 powder surface a negative charge, resulting in negative ζ values. The change of ζ values with increase of Fe-content suggests that the isoelectric point of TiO 2 powder is changing with the increase of Fe concentration in it. Development of charge on TiO 2 powder surface in aqueous medium can be shown with equations (3) and (4):
It is generally accepted that the surface of the TiO 2 powder exists in the form of TiOH groups. These hydroxyl groups dissociate into water and confer to the particles a surface charge as shown in equations (3) and (4). These equations further suggest that the solution pH also possesses a strong influence on the surface catalytic reactions of TiO 2 powders in aqueous medium. Since, these powders possess negative zeta potentials, it is expected that the reactions of organic molecules/reactants having positive charge would be higher on the surfaces of these Fe-doped TiO 2 powders [46, 47] .
The methylene blue (MB) degradation experiments in water under the irradiation of simulated solar light were conducted to assess the photocatalytic efficiency of 0.1, 0.5, 1, 5 and 10 wt.% Fe-doped TiO 2 powders. Figure  12 shows the C/C 0 of 0.01, 0.02 and 0.03 mM aqueous MB solutions, respectively, irradiated with simulated so- lar light over different amounts of Fe-doped TiO 2 powders as a function of reaction time. It can be seen that among the five powders tested, only the 0.1 wt.% Fedoped TiO 2 powder showed the highest photocatalytic activity and as the concentration of Fe increased in TiO 2 , the photocatalytic efficiency was gradually decreased. Furthermore, the photocatalytic efficiency of these catalysts was also decreased with the increase of MB concentration in the aqueous reaction solution. The UV-visible spectra revealing the degradation behaviour of 0.03 mM MB solution over the 1 wt.% Fe-doped TiO 2 powder as a function of reaction time is shown in Fig. 13 . In order to assess the rate of photocatalytic degradation of MB over the 0.1, 0.5, 1, 5 and 10 wt.% Fe-doped TiO 2 powders, the observed MB degradation results were kinetically analyzed by following Langmuir-Hinshelwood rate constant equations [14, 48] . Langmuir-Hinshelwood (Eq. (5)) described the relationship between the initial degradation rate (r) and the initial concentration (C) of the organic substrate for heterogeneous photocatalytic degradation [14, 48] . The model can be written as follows:
where:
(8)
is the remaining concentration after t (h) time irradiation, K ads is the Langmuir-Hinshelwood adsorption equilibrium constant (ppm −1 ), and k is the pseudo-first order rate constant relating to TiO 2 surface reaction (ppm h −1 ). The k observed (k obs) values for each initial concentration were estimated from the slopes of straight line obtained by plotting -ln(C t /C 0 ) vs. irradiation time as shown in Fig. 14 and Table 3 . By plotting initial concentrations vs. 1/k obs , the rate constant (k) and the adsorption equilibrium constant K ads were calculated. Equation (7) can be identified as Y = m·X + C, where, C = 1/(k·K ads ), m = 1/k, Y = 1/k obs and X is the initial concentration (C 0 ) of MB. By using the Eq. (5) and the data of Table 3 , the initial degradation rates (r) of MB over Fe-doped TiO 2 powders were calculated. It can be clearly seen that the Langmuir-Hinshelwood adsorption equilibrium constant and the rate constant values suggest that the 0.1 wt.% Fe-doped TiO 2 powder shows the highest photo-catalytic activity for MB degradation under the irradiation of simulated solar light. The data of Figs. 12 and 14 suggests that the TiO 2 powder doped with 0.1 wt.% Fe exhibits the highest photocatalytic ability for MB degradation under the irradiation of simulated solar light.
IV. Conclusions
The following conclusions can be drawn from the above study:
Chemically homogeneous and fully crystalline Fe-1.
doped TiO 2 (with 0 to 10 wt.% Fe) powders can be prepared following a co-precipitation method. The TiO 2 powder formed from TiCl 4 in a co-precipitation route exists in the form of crystal pure rutile phase, whereas, the TiO 2 powder doped with Fe (up to 10 wt.%) exists in the form of anatase phase. 
